Highlights d CDK7 inhibition impairs cell cycle and DNA replication and induces genome instability d CDK7 inhibitor YKL-5-124 activates IFN-g signaling and induces TNF-a and CXCL9/10 d YKL-5-124 provokes a robust immune program, which is further improved by anti-PD-1 d Combining YKL-5-124 with anti-PD-1 and chemotherapy improves tumor response
INTRODUCTION
Small cell lung cancer (SCLC) is one of the deadliest human cancers, accounting for about 15% of all lung cancer (van Meerbeeck et al., 2011) . It often arises in heavy smokers and is characterized by rapid growth and early metastasis (Bunn et al., 2016; Semenova et al., 2015) . Although SCLC patients often initially respond to chemotherapy, tumors nearly always recur within 6-12 months, resulting in a 5-year survival rate of less than 7% (van Meerbeeck et al., 2011) .
Immune evasion is a hallmark of cancer (Schreiber et al., 2011) . Therapies to enhance anti-tumor immune response, particularly antibodies blocking inhibitory immune-checkpoint proteins such as programmed cell death protein 1 (PD-1), have achieved clinical success in the management of various cancers (Sharma and Allison, 2015) . The high tumor mutation burden in SCLC provides a rationale for investigating the effect of immune-checkpoint blockades (ICBs) in this tumor type (Alexandrov et al., 2013; George et al., 2015; Hellmann et al., 2018) . Indeed, results from a phase 3 trial led to Food and Drug Administration (FDA) approval of atezolizumab (anti-PD-L1) in combination with carboplatin and etoposide for the first-line treatment of patients with extensive stage (ES)-SCLC, despite achieving only a 2-month increase in overall survival (OS) (Horn et al., 2018) . However, a large number of patients do not respond to ICBs. This highlights the need to identify new combination regimens to trigger anti-tumor immunity.
CDK7 is a master regulator of cell-cycle progression (Fisher and Morgan, 1994; Ganuza et al., 2012) . CDK7 functions as the catalytic core of the CDK-activating kinase (CAK) complex and becomes activated by binding to Cyclin H and Mat1 (Harper and Elledge, 1998; . The trimeric CAK complex activates several central cell-cycle CDKs by phosphorylation (Larochelle et al., 2007; Merrick et al., 2008; . Temporal activation of these CDKs by the CAK complex ensures orderly progression within the cell cycle (Asghar et al., 2015) . In addition, CAK is a component of the general transcription factor TFIIH, a protein complex important for RNA polymerase II (RNA Pol II)-mediated transcription (Glover-Cutter et al., 2009; Larochelle et al., 2012; Serizawa et al., 1995; Shiekhattar et al., 1995) . However, whether CDK7 kinase activity is indispensable for basal transcription remains controversial (Ganuza et al., 2012; Kanin et al., 2007; Serizawa et al., 1993) . We previously reported that SCLCs are sensitive to THZ1, a covalent inhibitor of CDK7 that also targets CDK12/13. Due to this dual specificity of THZ1, it was challenging to pinpoint the distinct role of CDK7 in regulating transcription and cellcycle progression, respectively (Christensen et al., 2014) . We have recently identified a new highly selective covalent CDK7 inhibitor, YKL-5-124, with no off-target effect on CDK12/13 (Olson et al., 2019) . The discovery of YKL-5-124 confirmed the role of CDK7 in regulating cell-cycle progression and suggested potential redundancies in its control of gene transcription.
While previous work has elucidated CDK7 as a master regulator of the cell cycle, its potential effects on DNA replication and genome stability, as well as its tumor-intrinsic immune effect, remain unknown. Using YKL-5-124, we studied the effect of CDK7 inhibition in triggering an immune response and explored the efficacy of combining YKL-5-124 with immunotherapy in mouse models. -5-124 Specifically Targets CDK7 and Disrupts Cell-Cycle Progression through Inhibition of CDK7 CAK Activity To confirm that YKL-5-124 confers selective engagement of CDK7 over CDK12/13 in SCLC cells, we performed a competitive pull-down assay and examined the ability of YKL-5-124 to block the pull-down of CDK7-Cyclin H complexes or Cyclin K, the obligate binding partner of CDK12/13 . YKL-5-124 efficiently prevented Cyclin H pull-down but failed to block pull-down of Cyclin K ( Figures 1A and S1A ). These results confirm selective targeting of CDK7 by YKL-5-124, consistent with our recent findings in other cellular models (Olson et al., 2019) .
RESULTS

YKL
We next examined direct targets of CDK7, CDK1, and CDK2. YKL-5-124 robustly inhibited CDK1 and CDK2 T-loop phosphorylation in a representative panel of SCLC lines at concentrations as low as 50 nM (Figures 1B and S1B) . In contrast, YKL-5-124 treatment had no effect on C-terminal domain (CTD) phosphorylation of RNA Pol II ( Figure 1B) , indicating that selective CDK7 inhibition does not inhibit global transcription. We further confirmed that dual inhibition of CDK7 and CDK12/13 is required for inhibition of RNA Pol II CTD phosphorylation by co-treating cells with YKL-5-124 and the CDK12/13 inhibitor THZ531 (Zhang et al., 2016) . Concurrent inhibition of CDK7 and CDK12/13 reduced levels of phosphorylated Pol II Ser2 and Ser5 to levels similar to treatment with the CDK7/12/13 inhibitor THZ1 ( Figure S1C ). In summary, selective CDK7 inhibition with YKL-5-124 is sufficient to reduce the phosphorylation levels of CDK1 and CDK2 but not that of RNA Pol II CTD. Furthermore, YKL-5-124 treatment had no effect on expression of superenhancer (SE)-associated genes including INSM1, ASCL1, NFIB, and MYC (Christensen et al., 2014) , while THZ1 treatment caused a significant reduction in their expression ( Figure S1D ).
We next investigated whether YKL-5-124 treatment affected cell viability and cell-cycle progression. We first measured cell viability at different time points (up to 7 days) upon treatment with increasing concentrations of YKL-5-124. A significant reduction in growth rate was observed at all tested concentrations compared with control cells (Figures 1C and S1E) . YKL-5-124 resulted in reduced growth and a cytostatic effect with a tendency of cytotoxic effects at longer time points (day 7) (Figures 1C and S1E) . Cell-cycle analysis further showed that YKL-5-124 induced a significant accumulation of cells in G 1 phase with a corresponding loss of cells in S phase (Figures 1D and S1F) . The percentage of cells in G 2 /M phase was not significantly changed at concentrations up to 500 nM. In parallel, an increase of Cyclin E protein and mRNA (CCNE1) levels was detected, supporting the observed accumulation of cells at the G 1 -S phase checkpoint, whereas expression of Cyclins A (CCNA1), B (CCNB1), and D (CCND1) remained unchanged (Figures 1E and 1F) .
Consistent with recent findings in other models (Olson et al., 2019) , our data in SCLC further support YKL-5-124 as a selective CDK7 inhibitor that suppresses CDK1 and CDK2 activity and impairs cell growth and cell-cycle progression.
CDK7 Inhibition Impairs DNA Replication and Causes DNA Damage and Micronuclei Formation
The inhibitory effect of YKL-5-124 on CDK1 and CDK2 activity and the consequent G 1 -S progression defect prompted us to . In (C), (D), and (F), data shown as means ± SD in one of three independent experiments run in triplicates. See also Figure S1 . (legend continued on next page) address whether CDK7 inhibition affects DNA replication and hexameric minichromosome maintenance 2-7 (MCMs) (Hills and Diffley, 2014; Hyrien, 2016) complex at replication sites, subsequently causing DNA damage and genome instability. We first examined the effect of YKL-5-124 on active DNA replication by measuring bromodeoxyuridine (BrdU) incorporation. A significant decrease in BrdU-incorporated S-phase cells was revealed ( Figures 2A and 2B ), indicating impaired DNA replication. We then sought to further characterize whether YKL-5-124 stalls DNA synthesis indicated by 5-ethynyl-2 0 -deoxyuridine (EdU) incorporation in the nucleus, as well as impairs the loading of MCM2 at individual replication foci. We employed single-molecule STORM (stochastic optical reconstruction microscopy) of fluorescently labeled EdU and MCM2 (Rust et al., 2006) . We observed a dramatic decrease in the EdU content in each nucleus as well as in each focus upon YKL-5-124 exposure after 48 and 72 h ( Figures 2C-2E , S1G, and S1H), implying reduced origin firing events. Similarly, a significant decline of MCM2 content in each nucleus and replication focus was detected (Figures 2F-2H, S1I, and S1J). Taken together, these results support an inhibitory impact of YKL-5-124 on DNA replication and MCM2 initiation complex assembly.
Reduction of MCM2 at the DNA replication initiation complex has been shown to cause replication deficiency and stress, leading to DNA damage and genomic instability, manifested by elevated levels of gH2AX and increased micronuclei formation. We observed a significant increase of gH2AX foci in YKL-5-124-treated cells after 48 h ( Figures 2I and 2J ), suggesting activation of the DNA-damage response. We then examined whether CDK7 inhibition can increase micronuclei. Immunofluorescence images of 4 0 ,6-diamidino-2-phenylindole (DAPI)stained nuclei were recorded and quantified ( Figure 2K ). Percentages of cells containing micronuclei were considerably increased after YKL-5-124 treatment ( Figure 2L ).
YKL-5-124 Triggers Immune-Response Signaling and
Induces Pro-inflammatory Cytokines/Chemokines Production A growing body of evidence demonstrates that increased formation of micronuclei links genome instability to immunity (Bakhoum and Cantley, 2018; Mackenzie et al., 2017) . We next performed transcriptomic analysis to comprehensively explore whether CDK7 inhibition affects immune-response signaling in vitro. RPP631 cells were treated with YKL-5-124 for 48 h and were then harvested for RNA sequencing. As expected, expression analysis across significantly modulated genes revealed that YKL-5-124 downregulated genes within gene set enrichment analysis (GSEA) terms associated with cell cycle, mitosis, and E2F targets ( Figures S2A-S2D ). Our analysis further confirmed that YKL-5-124 treatment had little effect on expression of SCLC SE-associated genes, in comparison with dual CDK7 and CDK12/13 inhibition upon THZ1 treatment (Christensen et al., 2014) ( Figures S2E and S2F ). Intriguingly, GSEA of the differentially expressed genes revealed that three of the top five most positively regulated ''hallmark'' signatures were ''Interferon-g (IFN-g) response'' ( Figure 3A) , ''Tumor necrosis factor a (TNF-a) signaling'' ( Figure 3B ), and 'Inflammatory response' ( Figure 3C ).
Heatmaps for the most differentially regulated genes in the top GSEA signatures induced by YKL-5-124 showed an increased expression of numerous central pro-inflammatory cytokines and chemokines, including TNF-a pathway components and C-X-C motif chemokine ligand 10 (Cxcl10) ( Figures 3D-3F ). TNF-a signaling plays an important role in dendritic cell recruitment, maturation, and activation (Brunner et al., 2000) , while CXCL10/CXCL9 are involved in regulating T cell recruitment and activity (Spranger et al., 2017) . These factors secreted in the tumor microenvironment (TME) can potentially contribute to an optimal anti-tumor T cell response. We then sought to measure the expression levels of Tnf, Cxcl10, and Cxcl9 upon YKL-5-124 exposure by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). YKL-5-124 significantly stimulated tumor cell expression of Tnf ( Figure 3G ), Cxcl10 ( Figure 3H ), and Cxcl9 ( Figure 3I ) after 48 h. To further confirm that the cytokine/chemokine production by YKL-5-124 is mediated through specific inhibition of CDK7, we used an isogenic HAP1 cell system expressing CDK7 wild type (WT) or a mutated form of CDK7 (CDK7-Cys312Ser) in which YKL-5-124 cannot bind (Olson et al., 2019) . Consistently, a significant increase in TNF and CXCL10 expression was detected after YKL-5-124 treatment in the WT cells but not in the C312S mutant cells ( Figure S2G ). In addition, the cGAS-STING pathway is one of the most investigated cytosolic DNA-sensing mechanisms that activate immunity (Bakhoum and Cantley, 2018; Mackenzie et al., 2017) . However, interestingly, the immune-stimulatory effect by YKL-5-124 appears to be independent of this pathway (Figures S2H and S2I) .
We next sought to examine whether this tumor-cell-intrinsic effect by YKL-5-124 could affect T cell activation ex vivo. To address this, we utilized the OT-I mouse model in which the OT-I CD8 + T cells can recognize ovalbumin peptide residues 257-264 (OVA 257-264 ) and become activated (Barilla et al., 2019; Hogquist et al., 1994) . Mouse SCLC cells were treated with either dimethyl sulfoxide (DMSO) or YKL-5-124 for 48 h. DMSO-conditioned or YKL-5-124-conditioned medium was added to OT-I T cell culture in the presence of OVA 257-264 peptide. Intriguingly, a significant increase in the percentage of CD69 + , TNF-a + and IFN-g + CD8 + T cells was detected in the YKL-5-124-conditioned medium, in comparison with the DMSO-conditioned medium group ( Figures 3J-3L) , indicating elevated T cell activity. No significant effect on CD8 + T cell activity was observed when OT-I T cells were directly treated with YKL-5-124 ( Figures S2J-S2L ). These findings indicate that the activation of CD8 + T cells is a tumor-intrinsic effect of CDK7 inhibition rather that the drug's direct action on CD8 + T cells.
Collectively, these findings suggest that CDK7 inhibition activates immune-response signaling in SCLC cells, leading to secretion of essential pro-inflammatory cytokines/chemokines, which in turn can activate CD8 + T cells.
YKL-5-124 Is a Well-Tolerated CDK7 Inhibitor In Vivo and Inhibits SCLC Tumor Growth We next determined whether YKL-5-124 might inhibit tumor growth and prolong survival in four immunocompetent murine SCLC models: Rb1 L/L p53 L/L p130 L/L (RPP) genetically engineered mouse models (GEMMs) (Schaffer et al., 2010) , RPP, Rb1 À/À p53 À/À (RP), and RPP-MYC orthotopic models ( Figures  S3A and S3B) .
To overcome the long and variable latency (6-9 months) of conventional RPP GEMMs, we established and characterized an orthotopic syngeneic SCLC model. This was conducted via transthoracic injection using tumor cells from a CRISPR/Cas9-RPP model of C57BL/6 (B6) background (Oser et al., 2019) (Figure S3C ). These tumor-bearing mice have a much shorter and consistent latency of 7-8 weeks. Furthermore, a highly similar frequency of different immune infiltrating populations (CD3 + , CD4 + , CD8 + , and CD11b + ) in the TME between the orthotopic model and GEMMs was observed ( Figures S4A-S4E ). To this end, using the same strategy we successfully generated three syngeneic murine models (RPP, RP, and RPP-MYC), which are fast and reliable for oncoimmunology studies for SCLC ( Figure S3 ).
To evaluate the optimal YKL-5-124 dosage with minimum toxicity, we performed a dose-escalating study in B6 mice in which body weight and blood cell counts were monitored and measured ( Figures S5A-S5D ). YKL-5-124 was well tolerated at a dose up to 10 mg/kg and caused no significant change in body weight and blood counts. We furthermore confirmed target engagement of YKL-5-124 in tumor-bearing mice at 10 mg/kg ( Figure S5E ).
We first tested whether YKL-5-124 affects tumor growth in the RPP orthotopic model. Disease development was followed by magnetic resonance imaging (MRI). Upon confirmation of tumor burden by MRI, mice were randomized to control and YKL-5-124 treatment, respectively ( Figure 4A ). All mice in the control group displayed aggressive disease with tumor volumes doubling after a 3-week period ( Figures 4B and 4C ). YKL-5-124-treated mice had significant tumor response at the 2-week and 3-week time points (Figures 4B and 4C) . We next examined the efficacy of YKL-5-124 in the RP and RPP-MYC orthotopic models . Consistently, YKL-5-124 demonstrated notably delayed tumor growth in the RP and RPP-MYC (Figures 4E and S6A-S6D). Remarkably, YKL-5-124 significantly prolonged survival, with an added median survival benefit of approximately 30 days in both RPP and RP models (Figures 4F and 4G) . In contrast, most vehicle-treated mice in the RPP model succumbed to their tumor burden before the 6-week time point, highlighting the aggressive disease course ( Figure 4F ).
To further confirm the above observed tumor response, we evaluated the efficacy of YKL-5-124 in autochthonous RPP GEMMs ( Figures S6E-S6H ). Consistently, the majority of mice in control group (seven of eight) had doubled their tumor volumes at the 3-week time point, while none of the mice treated with YKL-5-124 had more than 50% increase of tumor burden (Figures S6F and S6G) . Similarly, YKL-5-124 greatly improved median OS from 28 days to 56 days ( Figure S6H ).
YKL-5-124 Enhances Tumor Response to Anti-PD-1 Immunotherapy
Our in vitro findings suggest a potential role of CDK7 inhibition in enhancing immune response. This prompted us to investigate whether CDK7 inhibition could augment immunotherapy in vivo. Thus, we next sought to explore whether combining YKL-5-124 with anti-PD-1 could result in more durable tumor inhibition than each single agent alone. Of note, no toxicity was detected in the body weight and blood cell counts in the combination treatment group .
Compared with the control group, anti-PD-1 alone significantly reduced tumor growth after 3-week treatment in the RPP and RP models ( Figures 4B and 4E ), although to a lesser extent when compared with YKL-5-124, as the added median OS benefit by anti-PD-1 was only 10 days in the RPP and 15 days in the RP model ( Figures 4F and 4G ). Strikingly, mice in the combined anti-PD-1 + YKL-5-124 treatment regimen (Combo) had the best response across all models tested (Figures 4B, 4E, S6C, and S6F) . We observed that 7 out of 25 mice exhibited stable disease (volume increase <30%) including three mice with complete response (CR) in the RPP model ( Figure 4B ), and more than half of the mice had stable disease with one CR in the RP model ( Figure 4E ). Most importantly, combining YKL-5-124 and anti-PD-1 dramatically increased the OS of tumor-bearing mice in comparison with either YKL-5-124 or anti-PD-1 alone ( Figure 4F ). In comparison with control mice, combination treatment led to a more than 2-fold increase in survival with an added median survival benefit of 45 days and 43 days in the RPP and RP models, respectively ( Figures 4F and 4G) . These results were also confirmed in a separate cohort of RPP GEMMs. Whereas mice treated with anti-PD-1 alone had slower tumor growth compared with vehicle-treated mice after 3 weeks, the majority of YKL-5-124 plus anti-PD-1 treated mice (seven of nine) had substantially reduced tumor burdens (Figures S6F and S6G) . Combination treatment was superior to either YKL-5-124 or anti-PD-1 alone in tumor response ( Figures S6F and S6G ) and led to the longest survival ( Figure S6H ). We next sought to evaluate the efficacy of Combo with standard chemotherapy (cisplatin + etoposide) and compare the survival benefit with recently approved chemotherapy + anti-PD-1 (Horn et al., 2018) . Strikingly, the four-drug combination group (Chemo + Combo) had the best efficacy ( Figure 4B ) with no toxicity in the body weight ( Figure S6I ). All mice had stable disease and roughly half of the 17 mice had >20% reduction in tumor volume after 3 weeks, whereas there was no significant difference in efficacy between YKL-5-124 + anti-PD-1 (Combo, Figure 4B ) and cisplatin + etoposide (Chemo + anti-PD-1, Figure 4B) . The impressive efficacy of Chemo + Combo was directly translated into the longest improved survival, as 12 out of 17 mice in this group survived more than 90 days ( Figure 4F ). Of note, mice under Combo treatment appear to live significantly longer than those in the Chemo + anti-PD-1 group (Figure 4F ), suggesting a better survival benefit in the Combo group.
In summary, YKL-5-124 enhances the response to anti-PD-1 immunotherapy, and combining YKL-5-124 with anti-PD-1 offers significant survival benefit in multiple murine models. Adding YKL-5-124 and anti-PD-1 to standard chemotherapy further improves tumor response and leads to the longest survival.
YKL-5-124 Provokes a Robust Anti-tumor Immune Program In Vivo, Which Is Further Enhanced by Anti-PD-1 Immunotherapy The survival benefit from combining YKL-5-124 and anti-PD1 treatment suggested that combined CDK7 and PD-1 inhibition might further alter the tumor immune milieu to achieve optimal immune response.
To investigate the phenotypical and functional alterations of T cells, we harvested mouse tumor-bearing lung for immune profiling after 7-day treatment, as shown in Figure S4A . There was no significant change of the frequencies of total CD4 + and CD8 + T cell infiltrates after either anti-PD-1 or YKL-5-124 compared with control tumors (Figures 5A and 5B ). However, a notable increase of total CD4 + T cell infiltrates was observed in the combination-treated mice in comparison with control tumors or those treated with YKL-5-124 alone, and this trend was not seen in total CD8 + T cells ( Figures 5A and 5B ). Profiling of CD4 + T cells showed a substantial increase of CD44 high CD62L low effector CD4 + T cells after either YKL-5-124 or anti-PD-1 treatment ( Figures 5C and 5D ), while combination treatment induced the highest increase of CD44 high CD62L low CD4 + T cells ( Figures  5C and 5D ), which was further confirmed in a separate cohort of RPP GEMMs (Figures S6M and S6N) .
To further assess the functional activity of CD4 + T cells, we analyzed the expression of a proliferation marker, Ki67, and an activation/co-stimulatory marker, ICOS. YKL-5-124 led to a modest increase of tumor-infiltrating CD4 + T cells expressing Ki67, and significantly higher frequencies of ICOS + CD4 + T cells ( Figures 5E and 5F ). Anti-PD-1 also caused a moderate elevation of Ki67 + CD4 + T cells but had no effect on the levels of ICOS + CD4 + T cells ( Figures 5E and 5F ), suggesting that YKL-5-124 might be more effective than anti-PD-1 in promoting activation of CD4 + T cells. The most marked increase of Ki67 + CD4 + ( Figure 5E ) and ICOS + CD4 + T cells (Figures 5F and S6O) was detected in mice treated with the YKL-5-124 and anti-PD-1 combination. We next assessed the activity of cytotoxic T lymphocytes (CTLs) by staining for Granzyme B (GzmB), a cytotoxic granule protein secreted by CD8 + T cells. A considerable but equivalent increase of GzmB + CD8 + T cell percentage was observed in YKL-5-124 or anti-PD-1-treated mice (Figure 5G ), suggesting an enhanced cytotoxic T cell-mediated clearance of tumor cells. Of note, combination treatment resulted in the highest percentage of GzmB + CD8 + cytotoxic T cells ( Figures 5G and S6P ), supporting the superior efficacy and improved survival induced by YKL-5-124 and anti-PD-1.
An optimal and efficient anti-tumor immune program requires cooperation between dendritic cells (DCs) and T cells. CD4 + T cells provide the key input signals for the DCs to relay the help signal to elicit CD8 + CTLs responses (reviewed in Borst et al., 2018) . In particular, recent work highlighted the critical role of CD11c + CD103 + DCs in the priming and effector phase of the anti-tumor T cell response (Salmon et al., 2016; Spranger et al., 2017) . We sought to characterize whether YKL-5-124 and (legend continued on next page) anti-PD-1 alone or combination treatment would have an impact on the DC population (MHCII + CD11c + CD103 + ). Compared with control mice, a significant increase in percentages of tumor resident DCs was observed in mice after treatment with YKL-5-124 or combination, but to a lesser extent in mice treated with anti-PD-1 ( Figure 5H ). In addition, to directly examine the in vivo secretion of TNF-a, CXCL9, and CXCL10 in the TME, we collected bronchoalveolar lavage fluid (BALF) from mouse lung after 7 days of treatment. Consistent with our in vitro data, a pronounced increase of TNF-a, CXCL9, and CXCL10 was detected upon YKL-5-124 and combination treatment ( Figures 5I-5K) . These findings suggest YKL-5-124 provokes a robust anti-tumor immune program elicited by cooperation between DCs, effector CD4 + T cells and cytotoxic CD8 + T cells. This effect is further enhanced by the addition of PD-1 blockade.
Single-Cell Transcriptomic Analysis Identifies Intratumoral Cell Populations
To provide a more comprehensive and unbiased assessment of immunotherapeutic responses, we performed single-cell RNA sequencing (scRNA-seq) analysis on the whole TME including tumor cells and immune counterparts.
We obtained single-cell transcriptomes for 9,307 cells in the control group, 10,018 in YKL-5-124, 5,944 in anti-PD-1, and 5,911 in Combo. To define the intratumoral cell populations, we computationally combined data from the four treatment groups using canonical correlation analysis (Butler et al., 2018) , representing a total of 31,180 cells, then used graph-based clustering and dimensionality reduction with UMAP (Becht et al., 2018) to respectively identify and visualize transcriptionally homogeneous clusters of cells ( Figure 6A ). Clusters were further annotated by directly comparing their transcriptional state with that of known sorted populations using the SingleR package (Aran et al., 2019) and assessment of known cell-type specific markers. We identified cancer cells expressing the epithelial cell adhesion molecule (Epcam), lymphoid populations represented by T cells and innate lymphoid cells (ILC) expressing Cd3d, natural killer (NK) cells expressing natural cytotoxicity triggering receptor 1 (Ncr1), B cells expressing Cd19, and myeloid populations such as monocytes, DCs and macrophages, neutrophils expressing S100a9, basophils expressing Cd200r3, and stromal cells expressing Sparc ( Figures 6A-6C and S7A) . Notably, compared with distribution of cell populations in the control group, YKL-5-124, anti-PD-1, and Combo treatment resulted in an increase in the frequencies of total immune cell components ( Figures 6D and 6E ).
Single-Cell Transcriptomic Analysis Confirms
Connection of CDK7 Inhibition in Tumor-Intrinsic Signaling to Immunity As shown above, CDK7 inhibition impedes cell-cycle progression and DNA replication, leading to genome instability and elevated immune response. To further delineate the temporal events that occur upon in vivo treatment, we inferred a continuous cell-cycle trajectory from the scRNA-seq data. First, we calculated scores for genes specific to the G 1 , G 2 /M, or S phase for each cell and applied the scores to cluster cells in eight groups that represent a cell-cycle state. The center of each group was then connected with its two nearest neighbors in the computed 3-dimensional (3D) cell-cycle score space (Figure S7B) . The 3D visualization was projected in 2D by retaining the order of the eight cell-cycle states, which provides a portrait of the dynamic phases of cell-cycle progression ( Figure 6F ). Analysis of cell distribution illustrated that cells mainly arrested at G 1 phase (cluster 1) and to a lesser extent at G 2 /M (cluster 8) upon YKL-5-124 and combination treatment, whereas a significant decrease in percentage of S-phase cells (clusters 4, 5, and 6) was observed ( Figure 6G ). Furthermore, GSEA showed that YKL-5-124 significantly downregulated genes within the ''cellcycle'' and ''E2F target'' signatures ( Figure 6H ). These data further support the proposal that cell-cycle progression is substantially disrupted in vivo by CDK7 inhibition. Finally, YKL-5-124 and combination treatment triggered robust immuneresponse signaling, particularly gene signatures related to ''IFN-g response'' and ''Inflammatory response'' ( Figures 6I  and 6J ).
Combinatorial Therapy Reinvigorates Anti-tumor Immunity
To delineate an overall immune landscape remodeling associated with treatment, we characterized the alterations of the subpopulations of the tumor-infiltrating immune cells ( Figures 7A  and 7B ). In comparison with control, a significant increase in percentage of total T cells, NK cells, and ILC cells was observed upon YKL-5-124, anti-PD-1, and combination ( Figure 7B ). In the myeloid compartments, anti-PD-1 induced an increase of monocytes and macrophages, while YKL-5-124 treatment induced higher numbers of monocytes and neutrophils (Figure 7B) . Of note, although DCs accounted for a small fraction of the overall population, YKL-5-124, anti-PD-1, and combination all induced an increase in DCs ( Figure 7B ).
Our in vivo immune profiling suggests that YKL-5-124 and combination therapy provoke a robust anti-tumor immune program centered on effector CD4 + T cells and CD8 + T cells. Consistently, scRNA-seq analysis showed a particularly prominent impact on T cells ( Figure 7B ). To more accurately dissect the T cell subpopulations, we separated T cells (6,698) and analyzed the data at higher granularity ( Figure 7C ). This approach yielded 11 distinct T cell subpopulations (c0 to c10) broadly defined by the distribution of classical marker genes, representing high plasticity and complexity ( Figures 7C-7H ). It was evident that YKL-5-124, anti-PD-1, and combination prompted changes in subpopulation proportions and their transcriptional profiles (Figures 7I-7M ). Further characterization of Cd8a Foxp3 Ncr1
Cd19
Cd200r3 S100a9 H (legend on next page) each individual cluster is described here and detailed in STAR Methods.
CD4 + T Cells Cells in c1 expressed high levels of Cd4 and the naive T cell marker Sell (CD62L), but lacked the expression of effector/memory marker Cd44 and T cell activation genes (detailed in STAR Methods), including Ifng and Icos ( Figure 7K ). c1 appeared to be naive T cells, whose percentage was prominently reduced following YKL-5-124, anti-PD-1, and combination ( Figures 7I  and 7J ). c5 showed the highest levels of activated markers and intermediate levels of Sell and Cd44 (Figure 7K ), representing an activated/effector T cell signature. c4 expressed much lower levels of these activation markers, and lower Sell and higher Cd44 ( Figure 7K ). YKL-5-124, anti-PD-1, and combination treatment led to an increase in frequency of c5 and a slight reduction in c4 percentage ( Figures 7I and 7J ). c6 cells expressed high levels of Cd4 and Foxp3, which are markers for regulatory T cells (Tregs). Upon YKL-5-124, anti-PD-1, and combination treatment, the percentage of Tregs increased significantly in comparison with mice treated with control ( Figures 7I and 7K ). This increased frequency of Tregs might indicate an acute positive feedback to an activated tumor immune environment by short-term treatment.
c7 displayed highest levels of Cd44 and low of Sell, and intermediate levels of T cell activation markers, indicating an effector/ activation T cell signature. Of note, this cluster of cells expressed uniquely Mki67, implying proliferative capacity of these cells. In response to YKL-5-124, anti-PD-1, and combination treatment, the numbers of Mki67 + CD4 + T cells significantly increased ( Figure 7J ). CD8 + T Cells Both c0 and c8 expressed high levels of Cd8a and Sell, but low Cd44 and T cell activation genes. c9 expressed intermediate level of Sell and relatively low level of T cell activation genes. Thus, c0, c8, and c9 appeared to be naive-like cells and in an inactivated state. Notably, YKL-5-124, anti-PD-1, and Combo all caused a reduction of these three clusters of CD8 + T cells (Figures 7I , 7L, and 7M).
c3 expressed high levels of memory T cell marker Klrg1, intermediate levels of cytotoxic T cells markers (Gzma and Gzmb), and Tbx21 (T-bet) and Eomes. This cluster represents ''memory'' population with cytotoxicity and low-proliferation capability, which has the potential to differentiate into CTLs (Ebert et al., 2016; Herndler-Brandstetter et al., 2018) . c10 showed the highest levels of T cell activation genes and Gzma and Gzmb, suggesting that these cells are fully differentiated CTLs. c5 expressed low levels of Sell but high Cd44 and activation markers, representing an ''effector'' T cell signature (Figures 7I,  7L , and 7M). In comparison with control, proportions of cells in both c3 and c5 increased in all other groups, whereas the number of cells in c10 increased the most upon combination treatment (Figures 7I, 7L, and 7M) . These findings suggest that combining YKL-5-124 and anti-PD-1 remodels the intratumoral CD8 + T cell population from cells that are more naive-like to those with more effector-like, activated, and cytotoxic properties.
In line with recent work (Gubin et al., 2018) , our clustering also revealed that numerous clusters were categorized more based on their functional markers rather than classic cellular subtype. c7 cells with high levels of Mki67 are composed of a mixture of CD4 + T cells and CD8 + T cells, highlighting their cell-proliferation capability ( Figures 7E, 7F , 7H, 7K, and 7M). c5 is another functionally defined cluster of effector/activated T cells, which contain both CD4 + and CD8 + T cells ( Figures 7E, 7F , 7H, 7K, and 7M). In response to YKL-5-124, anti-PD-1, and combination, the number of cells in c7 and c5 increased substantially ( Figures  7J and 7L) , implying a major impact on proliferation and activation of CD4 + and CD8 + T cells.
Collectively, our data highlight anti-tumor immunity alterations occurring in the intratumoral T cell compartment following YKL-5-124, anti-PD-1, and particularly combinational therapy, including: (1) a significant reduction in CD4 + and CD8 + naive T cell frequency; (2) a dramatic expansion of CD4 + and CD8 + effector/memory T cells and CD8 + CTLs, with an increase in the number of Mki67 + proliferating T cells; and (3) upregulation of an anti-tumor gene signatures of T cell activation/function.
Anti-tumor Immunity by Combining YKL-5-124 and PD-1 Is Partly Dependent on CD4 + and CD8 + T Cells
Our in vivo data demonstrate that combining YKL-5-124 and anti-PD-1 resulted in the best tumor response and optimal immune surveillance centered on T cells. To determine whether CD4 + or CD8 + T cells directly contribute to combination therapy response, we assessed the impact of perturbing immune cell function by in vivo neutralization antibodies against CD4 (aCD4) or CD8 (aCD8) ( Figures S7C and S7D ). Tumor-bearing mice were randomized to combination treatment or combination treatment plus aCD4 or aCD8. Indeed, compared with nondepletion mice in the combination group, CD4 + T cell-depleted mice had significantly higher tumor burdens ( Figures 7N and  7O) . Similarly, a dramatic increase of tumor volumes was observed in CD8 + T cell-ablated mice (Figures 7N and 7O ). (legend continued on next page) Depleting either CD4 + or CD8 + T cells mitigated the anti-tumor effect of combining YKL-5-124 and anti-PD-1 ( Figures 7N and  7O) . These observations further support our findings that T cells are required for anti-tumor immunity induced by combination treatment.
DISCUSSION
The FDA recently approved atezolizumab (anti-PD-L1) in combination with chemotherapy for the first-line treatment of patients with ES-SCLC (Horn et al., 2018) . Unfortunately, the added benefit to median OS was only $2 months, highlighting the need for new drug combinations that can potentiate ICBs in SCLC. Recent work in preclinical models suggests that targeting DNA-damage response could potentially enhance ICB in SCLC (Sen et al., 2019) .
In this study, we demonstrate that targeting CDK7 with the new selective inhibitor YKL-5-124 disrupts cell-cycle progression and causes DNA replicative stress and genome instability in tumor cells, leading to cellular responses including release of multiple pro-inflammatory cytokines/chemokines. These tumor cell-intrinsic events provoke a robust immune surveillance, which leads to T cell-mediated tumor control in mouse SCLC models. Combining YKL-5-124 with PD-1 blockade promotes strong anti-tumor immunity and confers remarkable survival benefit in this highly aggressive cancer. Our findings provide a rationale for combining CDK7 inhibition and immunotherapy for SCLC patients.
In line with recent work (Olson et al., 2019) , selectively targeting CDK7 by YKL-5-124 did not result in changes in CTD phosphorylation of RNA Pol II and SE-associated gene expression in SCLC. These findings reveal potential redundancies in CDK control of gene transcription. YKL-5-124 treatment leads to cells predominantly arrested at the G 1 -to-S phase transition and unable to advance to S phase. Conventionally, at the G 1 /S transition CDKs activate and facilitate the conversion of MCMs in the pre-initiation complex to an active DNA helicase, leading to initiation of DNA synthesis (Hills and Diffley, 2014; Hyrien, 2016) . When the regulatory mechanisms fail, replicative stress and DNA damage ensue (Hills and Diffley, 2014) . CDK7 inhibition dramatically impairs the levels of MCM2 at the replication forks, leading to decreased replication origins, elevated replicative stress, and DNA damage. Genome instability such as micronuclei formation has recently emerged as a crucial cue to activate immune response (Harding et al., 2017; Mackenzie et al., 2017) . These micronuclei represent an important source of immunosti-mulatory DNA and precede activation of inflammatory signaling. Indeed, the series of events provoked by CDK7 inhibition in cancer cells trigger robust immune-response signaling and secretion of pro-inflammatory factors, which potentiates T cell activity, resulting in tumor control.
Importantly, we explored the therapeutic potential of combining CDK7 inhibitor with ICB in murine models with lung TME to closely mimic human disease. A key strength of this current study lies in the use of four histopathology-validated SCLC models. Of note, combining YKL-5-124 with anti-PD-1 significantly improved efficacy and extended OS in all tested SCLC models, supporting the potential of CDK7 inhibition in enhancing immunity as a backbone for combinational immunotherapy. Strikingly, adding YKL-5-125 and anti-PD-1 to standard chemotherapy resulted in the best tumor response and the longest survival among all treatment groups, with no observed toxicities. This data provides strong evidence for combining CDK7 inhibitor in first-line treatment with chemotherapy and ICB in clinical trials and highlights the translational significance of our study.
Our current understanding of the TME in SCLC is poor. To the best of our knowledge, this is the first unbiased scRNAseq analysis of TME in mouse SCLC, which was performed without prior marker selection. In the cancer cells, scRNA-seq analysis confirms a unique signature of disrupted cell-cycle progression and connects the tumor-intrinsic effect by YKL-5-124 to immune-response signaling. Our study uncovered several key observations and mechanisms of action on immune compartments: (1) complexity of tumor immune ecosystem dynamics; YKL-5-124, anti-PD-1, and combination therapy (2) trigger the expansion/reduction of certain subtypes of tumorinfiltrating lymphoid and myeloid cells, (3) cause a dramatic shift of naive CD4 + and CD8 + T cells to effector/activated T cells, and (4) enhance proliferative capacity of Mki67 + effector T cells; combination therapy (5) results in the most prominent increase of CD8 + CTLs and (6) triggers the strongest increase in the expression of an anti-tumor cytotoxic gene signature. Further work is needed to fully elucidate CDK7 function in immune cells.
In summary, our work serves as the basis for the combinatorial application of CDK7 inhibitor and immunotherapy and provides evidence for combining YKL-5-124 and PD-1 blockade in future SCLC clinical trials. Considering the universal role of CDK7 in genome instability, combining CDK7 inhibition with ICB might improve anti-tumor immunity as a widely applicable new approach in cancer immunotherapy. (N) Percentages of tumor volume after 2 weeks of treatment combining anti-PD-1 and YKL-5-124 (Combo) with or without aCD4 (400 mg/mouse) or aCD8 (400 mg/mouse) antibodies (n = 8). Data shown as means ± SD. **p < 0.01, ***p < 0.001 (unpaired two-tailed t test).
(O) Waterfall plot shows tumor response after week 2. Each column represents one mouse, in comparison with baseline measurements (n = 8). **p < 0.01, ***p < 0.001 (unpaired two-tailed t test). See also Figure S7 .
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Detailed methods are provided in the online version of this paper and include the following: 
ACKNOWLEDGMENTS
We thank the NYU Langone Health Preclinical Imaging Laboratory (partially funded by National Institutes of Health (NIH)/National Cancer Institute (NCI) 5P30CA016087 and NIH P41 EB017183) and the Genome Technology Center (partially supported by P30CA016087) for library preparation and sequencing. This work is supported by a Lung Cancer Research Foundation grant (H.Z.), NCI/NIH K99CA201618 (C.L.C.), K08CA222657 (M.G.O.), U01CA213333 (K.K.W. and N.S.G.), and P01 CA154303 (K.K.W.). This work is also supported by the Bridge Project (K.K.W. and N.S.G.), a collaboration between The Koch Institute for Integrative Cancer Research at MIT and the Dana-Farber/Harvard Cancer Center (DF/HCC). LEAD CONTACT AND MATERIALS AVAILABILITY Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kwok-Kin Wong (Kwok_Kin.wong@nyulangone.org).
AUTHOR CONTRIBUTIONS
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal Studies
All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the New York University Langone Health (NYULH) and Dana-Farber Cancer Institute (DFCI). The GEMM harboring conditional mutant Rb1, p53, and p130 (RPP) has been described previously (Schaffer et al., 2010) . From 6 weeks of age, mice were induced with adenovirus-Cre recombinase (Ad-Cre) by intratracheal intubation to allow cre-lox-mediated recombination of floxed Rb1, p53 and p130 alleles. For syngeneic orthotopic models, ultrasound-guided transthoracic injection was performed using 200,000 RPP631, RP or RPP-MYC cells in 30 mL PBS directly into the lung of 6 to 8-week-old C57BL/6 (Jackson Laboratory, Stock No: 000664). For OT-I T cell assay, OT-I mice were purchased from the Jackson Laboratory (Stock No: 003831). Both males and females mice were used and all mice were maintained in accordance with the respective NYULH and DFCI on the care, welfare, and treatment of laboratory animals. All experiments met or exceeded the standards of the Association for the Assessment and Accreditation of Laboratory Animal Care, International (AAALAC), the United States Department of Health and Human Services, and all local and federal animal welfare laws.
Cell Lines
Established mouse SCLC Rb1 -/-p53 -/-p130 -/-(RPP)631, Rb1 -/-p53 -/-(RP) and RPP-MYC cells were maintained in HITES medium (Carney et al., 1981) and confirmed by sequencing and western blotting (Oser et al., 2019) . Human cell lines (GLC16, DMS79, NCI-H69, NCI-H82) were maintained in RPMI 1640 (Thermo Fisher Scientific). The HAP1 CDK7 WT and C312S cell lines (Olson et al., 2019) were cultured in IMDM media (Thermo Fisher Scientific). All cell line media were supplemented with 10% Fetal Bovine Serum (FBS, Sigma-Aldrich) and 1% penicillin/streptomycin (Thermo Fisher Scientific) and all cell lines were cultured in a humidified chamber with 5% CO 2.
METHOD DETAILS
Chemicals YKL-5-124 was synthesized according to (Olson et al., 2019) . THZ531 was synthesized according to (Zhang et al., 2016) . THZ1 and Bio-THZ1 was synthesized according to . Anti-PD-1 (clone 29F.1A12) was a kind gift from Dr. Gordon Freeman (DFCI).
In Vivo Toxicity Evaluation and Treatment Studies
For evaluation of in vivo toxicity of YKL-5-124, a dose-escalating study from 2.5 mg/kg to 15 mg/kg q.d. five times/week via intraperitoneal injection (i.p.) was tested in C57BL/6 mice. In vivo toxicities including body weight and blood cell counts including platelet, red blood cells and white blood cells were monitored. Similarly, a separate cohort was used to evaluate in vivo toxicity of combining YKL-5-124 and anti-PD-1 in C57BL/6 mice. For treatment studies, mice were evaluated by MRI imaging (Preclinical Imaging Laboratory, NYULH) to quantify lung tumor burden before for randomization and after drug treatment for efficacy evaluation. Mice were treated with either vehicle and isotype IgG (Control), anti-PD-1 200 mg/mouse (clone 29F.1A12), YKL-5-124 10 mg/kg, or combined anti-PD-1 and YKL-5-124 (Combo). YKL-5-124 was administered daily from Monday to Friday, and PD-1 antibody was administered three times a week (Monday, Wednesday, and Friday). For chemotherapy, cisplatin (5 mg/kg) was given on Day 1 and etoposide (10 mg/kg) on Day 1, 2, 3 every seven days per cycle for three cycles. For CD4 or CD8 neutralization study, mice were injected intraperitoneally with either aCD8 antibody (400mg, Bio X Cell, clone 2.43), or aCD4 (400mg, Bio X Cell, clone GK1.5), or IgG2b isotype control (400mg, Bio X Cell, clone LTF-2) 48 and 24 h before beginning anti-PD-1 and YKL-5-124 (Combo) treatment, and every 4 days thereafter. 
MRI Quantification
Animals were anesthetized with isoflurane to perform MRI of the lung field using BioSpec USR70/30 horizontal bore system (Bruker) to scan 24 consecutive sections. Tumor volumes within the whole lung were quantified using 3-D slicer software to reconstruct MRI volumetric measurements as described previously (Christensen et al., 2014) . Acquisition of the MRI signal was adapted according to cardiac and respiratory cycles to minimize motion effects during imaging.
Immune Profiling Flow Cytometry
Mice were humanely euthanized, and mouse lungs were perfused using sterile PBS through heart perfusion from the left ventricle after BAL fluid collection. The whole lung was cut and minced into small pieces followed by digestion in collagenase D (Sigma-Aldrich) and DNase I (Sigma-Aldrich) in Hank's Balanced Salt Solution (HBSS) at 37 C for 30 minutes. After incubation, the digested tissue was subjected to a 70 mm cell strainer (Thermo Fisher Scientific) to obtain single-cell suspensions. Separated cells were treated with 13 red blood cell (RBC) lysis buffer (BioLegend). Live cells were determined by LIVE/DEAD fixable aqua dead cell stain kit (Molecular Probes). The cell pellets were resuspended in PBS with 2% FBS for FACS analysis. Cells were stained with cell surface markers as indicated followed by fixation/permeabilization (eBioscience). Cells were imaged on BD LSRFortessa (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Ex Vivo OT-I T Cell Assay
The spleen of OT-I mice was minced with a razor and mashed through a 40 mm strainer to form a single-cell suspension. Separated cells were then treated with RBC lysis buffer and a number of 5 3 10 5 cells were seeded in a 96-well U-bottom plate. For conditioned medium culture assay, RPP631 cells were treated with either DMSO or YKL-5-124 for 48 hr and drug was washed off after first 6-hour treatment. Subsequently, DMSO-conditioned medium or YKL-5-124-conditioned medium were collected and added to above single-cell suspension in a 96-well U-bottom plate in the presence of Ova 257-264 peptide (10 mg/ml, GenScript, Cat#RP10611) for 4 days as previously described (Barilla et al., 2019) . Alternatively, DMSO or YKL-5-124 was added directly to single-cell suspension in the presence of Ova 257-264 peptide for 4 days in the T cell assay medium (complete RPMI with HEPES, sodium pyruvate, MEM nonessential amino acids and 2-mercaptethonal). T cell activation markers CD69, TNFa and IFNg were analyzed by flow cytometry.
Generation of cGAS CRISPR/Cas9 Knockout
Single guide RNA (sgRNA) oligonucleotides (Sigma-Aldrich) targeting cGAS (Table S1 ) were cloned into lentiviral expression vector lentiCRISPR v2 (Addgene #52961). Lentivirus was generated by transfection of HEK-293T cells with lentiCRISPR v2, or lentiCRISPR v2-sgcGAS and the packaging plasmids psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) using Lipofectamine 3000 (Thermo Fisher Scientific). Viral particles released into the cell culture supernatant were filtered with 0.45-mm filters and added to target cells.
Bulk-RNA Sequencing Analysis
Paired-end reads were aligned to mouse mm10 genome using STAR (v2.5.2b) (Dobin et al., 2013) . Reads with good mapping quality (MAPQ > 30) that aligned to genomic exons were counted using featureCounts (Liao et al., 2014) (mm10 Ensembl 93) to generate a table with counts for each gene. Differential gene expression analysis was performed using the R package DESeq2 (Love et al., 2014) using the lfcShrink function. Genes with false discovery rate (FDR) lower than 0.05 were considered significantly differentially expressed. Gene set enrichment analysis (GSEA) (Subramanian et al., 2005) was performed on a list of genes ranked from high to low DESeq2 estimated fold-change using the GSEAPreRanked function with enrichment statistic classic and 1000 permutations.
Single-Cell RNA Sequencing Experimental Protocol and Library Generation
To account for interindividual variability, we harvested pooled fresh tumor-bearing lungs from two mice in two independent cohorts of RPP orthotopic mice which were treated with control, YKL-5-124, anti-PD-1 and combination treatment for seven days. Single cell suspensions were achieved as described above and were sorted using DAPI staining. Cells were then resuspended into single cells with 0.4% BSA for 10x genomics processing. Cell suspensions were loaded onto a 10x Genomics Chromium instrument to generate single-cell gel beads in emulsion (GEMs). Approximately 5,000 to 10,000 cells were loaded per channel. scRNA-seq libraries were prepared using the following Single Cell 3 0 Reagent Kits: ChromiumÔ Single Cell 3 The Cell Ranger Single Cell Software Suite, version 1.3 was used to perform sample de-multiplexing, barcode and UMI processing, and single-cell 3 0 gene counting. A detailed description of the pipeline and specific instructions to run it can be found at: https:// support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger). A high quality gene expression matrix was created in sequential preprocessing steps as provided in the Seurat (v2.3.4) pipeline (Butler et al., 2018) . First only genes that were detected in both independent scRNAseq datasets were retained and cells were excluded if respectively more than 0.2% or 0.3% of detected genes were from mitochondrial or ribosomal origin or if less than 500 genes were detected. The count matrix was subsequently log-normalized with a scale-factor of 10000 and the obtained normalized matrix was further corrected by retaining the residuals after regressing out systematic changes due to number of detected UMIs, percent genes from mitochondrial or ribosomal origin. Clustering and Annotation Cells from both independent datasets were merged together in canonical correlation (CC) space using the intersection of highly variable genes, identified as genes with higher-than-expected variability in consecutive ranked expression bins, from both datasets. The implementation of CC alignment and selection of downstream dimensions to use was performed as described in the Seurat package. Cells were clustered using the Louvain algorithm based on a shared nearest-neighbor network. The final resolution of all subsequent clustering analyses was determined by the biological questions and the need for coarse or fine-grained detail as explored in the subsequent cluster annotation. Clusters were annotated using input from multiple sources, we i) calculated a stromal, cancer and immune score using the estimate (v1.0.13) package (Yoshihara et al., 2013) in R, ii) identified cluster specific gene expression markers based on gini-scores, iii) created a hierarchical tree based on Pearson correlation scores between clusters to visualize lineage relationships and iv) compared clusters to those of the Immgen database using the SingleR (v0.2.1) package (Aran et al., 2019) in R. UMAP as implemented by the uwot (v0.0.0.9010) package in R was used to visualize clusters in 2D CC space. Overall this strategy was hierarchically used to assess all cells, cancer cells only, immune cells only and finally T-cells only.
Quality Control
In the first clustering step, several additional analyses were performed to remove dubious or non-reproducible clusters from downstream analyses. To identify contamination of immune cell clusters with cancer cells we performed k-means (2 centers) clustering on all cells on identified and known canonical markers (Epcam, Calca, Stmn1, Ascl1, Krt7, Nfib, Krt8, Krt18) specific to cancer cells. Single-cell outliers with high expression of the aforementioned cancer genes were marked using a density based clustering algorithm using the dbscan (v1.1-3) R package. Similarly, at the cluster level, immune cell clusters with high expression of aforementioned cancer genes were split and labeled as cancer-contaminated and cancer-free cells. Furthermore, clusters that represent doublets were identified using the doubletCluster function of the scran (v1.10.1) (Lun et al., 2016) and scater (v1.10.0) (McCarthy et al., 2017) package in R and concomitantly observing a significant distribution shift for total number of detected UMIs per cell. To detect non-reproducible clusters between datasets we compared changes in distribution and only removed a cluster if this cluster was only observed in all treatment conditions of only one dataset with all individual z-scores greater than 3. Together all marked single-cells identified in any of the previous quality analyses were removed from further analyses.
Cell-Cycle Analysis
Cells were first classified in G1, G2/M or S categories using the Cyclone function in the scran package (Scialdone et al., 2015) in R, which provides a discrete grouping based on genes known to be specific to the specific cell-cycle phases. To infer more continuous cell-cycle states we first identified the top 50 genes that are associated with each cell-cycle phase by performing pairwise comparisons using the limma (v3.38.2) package in R (Ritchie et al., 2015) . Based on those cell-cycle phase specific genes we calculated a G1, G2/M and S-score for each cell by summarizing the normalized expression values. All cells were subsequently clustered by k-means in eight groups using the three cell-cycle scores. We selected eight groups since there are at least three cell-cycle states and each cell could be considered inside (high score) or outside (low score) a state (2^3 = 8). To visualize the continuous cell-cycle progression states the median of each group was visualized in a 3D plots and nearest neighbors were connected. The 3D visualization was project in 2D by rescaling the average of each k-means group between 0 and 1. To assess changes in cell-cycle progression state distribution upon treatment we calculated the percentage of single-cells within each group for each treatment condition and compared that to vehicle-treated samples. Gene Set Enrichment Analysis GSEA (Subramanian et al., 2005) was performed on a list of genes ranked according to limma PI-values (-log10(adjusted p-value) x absolute logFC), using the GSEAPreRanked function with enrichment statistic classic and 1000 permutations. For specific enrichment of superenhancer-associated genes found in (Christensen et al., 2014) , a custom gene set for those genes was first created and merged with in the GO BP category of the MSigDB database to obtain the enrichment ranking. Specific gene enrichment within a cluster was visualized by averaging the expression of each gene per cluster and subsequently rescaling z-scores for each gene between -1 and 1.
CD4 + and CD8 + T-Cell Identification
To identify CD4 + and CD8 + subgroups within the annotated T-cell cluster, we first over-clustered, to mitigate known dropout effects in single-cell data, the T-cell population and divided all subclusters in CD4 + or CD8 + using k-means clustering (groups = 2) based on the expression of Cd4 and Cd8a. This provided a clear separation between predominant CD4 + and CD8 + cells. scRNAseq uncovered five distinctive clusters of CD4 + T cells (c1, c4, c5, c6 and c7) and seven clusters of CD8 + T cells (c0, c3, c5, c7, c8, c9 and c10). Among these, functionally defined clusters c5 and c7 are comprised of both CD4 + T cells and CD8 + T cells.
CD4 + T Cells Cells in c1 expressed high levels of Cd4 and the naive T cell marker Sell (CD62L), but lacked the expression of effector/memory T cells marker Cd44 and T cell activation genes, including Ifng, Icos, Lag3, Havcr2 (Tim-3), Pdcd1, Tnfrsf4 and Ctla4. c1 appeared to be naive T cells. c5 showed the highest levels of activated markers such as Icos, Tim-3, Ctla4 and Pdcd1, and intermediate levels of Sell and Cd44, representing an activated/effector T cell signature. c4 expressed much lower levels of these activation markers, and lower Sell and higher Cd44. c6 cells expressed high levels of Cd4 and Foxp3, which are classic markers for regulatory T cells (Tregs). These cells also expressed intermediate levels of T cell activation genes Icos, Ctla4 and Pdcd1. c7 displayed highest levels of Cd44 and low levels of Sell, intermediate levels of T cell activation markers such as Icos, Tim-3 and Pdcd1, indicating an effector/activation T cell signature. CD8 + T Cells Both c0 and c8 expressed high levels of Cd8a and naive T cell marker Sell, but low levels of Cd44 and T cell activation genes Lag3, Tim-3, Pdcd1, Ifng, Icos, Tnfrsf4 and Ctla4. c9 expressed intermediate level of Sell and relatively low levels of the T cell activation genes. Thus, c0, c8 and c9 appeared to be naive-like cells and in an inactivated state. c3 expressed high levels of Cd8a and memory T cell marker Klrg1, intermediate levels of cytotoxic T cells marker Gzma and Gzmb, and intermediate levels of two central T cell differentiation genes Tbx21 (T-bet) and Eomes. This cluster of CD8 + T cells is thought to represent ''memory'' population with cytotoxicity and low proliferation capability. c10 showed the highest levels of T cell activation genes Lag3, Tim-3, Pdcd1, Tnfrsf18 and Ifng, and cytotoxic markers Gzma, Gzmb and Prf1, suggesting these cells are fully differentiated CTLs. c5 expressed low levels of Sell but high levels of effector T cell marker Cd44 and activation markers Icos, Ctla4 and Tnfrsf4, representing an ''effector'' T cell signature. c7 cells expressed high levels of Mki67 are comprised of a mixture of CD4 + T cells and CD8 + T cells, highlighting their cell proliferation capability. In addition, c5 is another functionally defined cluster of effector/activated T cells, which contain both CD4 + and CD8 + T cells.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using GraphPad Prism 7 software and statistical significance was determined by p < 0.05. Data are presented as mean with SD unless otherwise specified. Statistical comparisons were performed using unpaired Student t test for two-tailed p value unless otherwise specified (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
DATA AND CODE AVAILABILITY
The accession number for the raw and processed data of bulk RNA sequencing and single-cell RNA sequencing generated and reported in this paper is GEO: GSE129299.
